Abstract: The genetic variation within and among seven Tunisian natural Hypericum humifusum L. populations belonging to three bioclimatic zones (sub-humid, upper semi-arid, and lower semi-arid) was assessed using random amplified polymorphic DNA markers. Eight selected primers produced a total of 166 bands, of which 153 were polymorphic. The genetic diversity within a population, based on Shannon's index and percentage of polymorphic loci, was relatively high. The level of variation among populations did not differ significantly. However, the variation among populations grouped according to their bioclimates was significant. A high differentiation and a low gene flow were observed at all spatial scales among all populations. The upper semiarid populations exhibited the highest differentiation. The relationship between genetic and geographic distances was not significant indicating that structuring occurred due to founding events. The UPGMA analysis based on Nei & Li's coefficients showed that individuals from each population clustered together. The cluster analysis based on genetic distances among populations did not show clear groupings relevant to geographical distances or bioclimates. The high differentiation among populations even through a small geographic range implies the collection of seeds from all populations to preserve, ex-situ, extant variation in the species. Populations from the upper semi-arid zone showing the highest genetic diversity should be first prospected.
Introduction
The genus Hypericum (Hypericaceae) is represented by more than 458 species (trees, shrubs and herbs) subdivided into 36 sections (Robson 2003; Robson 2010; Crockett & Robson 2011) . Species are distributed mainly in temperate regions of the Northern hemisphere and tropical high elevation habitats (Robson 2003; Cüneyt et al. 2007) . Most previous studies on Hypericum species have focused on ploidy level, breeding system, genetic diversity (Dlugosch & Parker 2007; Percifield et al. 2007; Poutaraud & Giradin 2008) , phylogenetic relationships (Robson 2003; Crockett & Robson 2011) , chemical composition and biological activity (Meral & Karabay 2002; Conforti et al. 2005) . The most studied species is H. perforatum L. known mainly for its antidepressive, anticancer and antiviral activities (Gartner et al. 2005; Kubin et al. 2005) .
H. humifusum L. is found mainly in wet habitats in the North and the Center of Europe, Argentina and several Mediterranean regions (Robson 2010) . In Tunisia, the species grows widely in the north and in the center of the country on sandy soils under a rainfall ranging from 350 to 992mm/year (Pottier-Alapetite 1979) . It grows in bioclimates extending from the subhumid to the upper arid, usually below 300 m a.s.l. It is a diploid species (2n = 2x = 16) and belongs to the Oligostema section (Carine & Christenhusz 2010; Robson 2010; Crockett & Robson 2011) . Stems (20-70 cm in height) are glabrous. Leaves are sessile, opposite with dark glands at the edges. Flowers produced from April to September are bright yellow, and arranged in branched cymes. They are regular with five short sepals, five petals, and numerous stamens. The gynoecium has 3-4 locules. Fruits are small capsules, dark purple, producing ∼20 dark brown seeds (∼2-5 mm in size). The species reproduces via seeds and shows some capacity to propagate vegetatively. It contains amounts of hypericin and hyperforin (Tanaka & Takaishi 2006; Smelcerovic et al. 2006) , and is used to treat several diseases such as wounds and burns (Smelcerovic et al. 2006) . In Tunisia, the species tends to occur in scattered metapopulations, often with a low size and becomes abundant, forming extensive populations, within and at the edges of the northern crop fields. Populations are heavily harvested and affected by agricultural practices (i.e. ploughing, weeding, crop rotation schemes). The dynamic of populations was influenced by the dispersion of dry fragments or entire individuals and seeds by wind. The fragmentation of populations and site dis- turbance are the main factors causing random genetic drift which enhances the risk of extinction of the species (Young et al. 1996; van Rossum & Prentice 2004) . Thus, conservation strategies taking into account the patterns of genetic variation within and among populations are crucial to evaluate the actual status of populations. The capacity of these populations to evolve will depend on the amount of genetic diversity maintained in the species to face environmental changes.
Molecular markers such as AFLP, RFLP and RAPD have been widely used to assess the genetic diversity within and among populations in Hypericum species (Arnholdt-Schmidt 2000; Mayo 2003; Percifield et al. 2007; Dlugosch & Parker 2007) . RAPD markers are well established in population genetics and have proven to be useful tools in the assessment of genetic variation and population structure of plant species. They provide high number of loci and reveal a large amount of variation with good coverage of the entire genome (Mirali & Nabulsi 2003; Zhang et al. 2005; Sreekumar et al. 2006) . They have been found to be useful in differentiating medicinal plant populations, and in establishing phylogenetic relationships among species (Taylor-Grant & Soliman 1999; Rout 2006) . However, RAPD markers are dominant, and thus are less suitable for linkage analysis than codominant markers. This disadvantage could be overcome by using several statistical methods such as the analysis of molecular variance (Excoffier et al. 1992) .
The aim of this study is to determine the level of genetic diversity within and among Tunisian H. humifusum populations sampled from different bioclimatic zones throughout the geographic range of the species. For this purpose RAPD markers were used. This analysis, a complementary to that previously published on the genetic diversity of the same populations using allozymes (Béjaoui et al. 2010) , should be important for informing decisions about conservation and improvement strategy.
Material and methods

Surveyed populations and sampling
Tunisian H. humifusum populations were collected, from seven sites belonging to the sub-humid, upper semi-arid and lower semi-arid bioclimatic zones according to Emberger's Q2 (1966) pluviothermic coefficient ( Table 1) . Altitudes of sites varied from 50 m (population 7 from Ain Errahma) to 550 m (population 2 from Touiref). The average annual rainfall ranged from 250 mm (population 7 from Ain Errahma) to 992 mm (population 1 of Edkhila). The popu-lation size ranged from 100 (population of Ain Errahma) to > 1000 individuals (populations of Twiref and Triaate). Almost all populations (2-7) growing in suboptimal habitats for the species suffered some degree of human impact, (e.g., ploughing, weeding, harvesting) and collected within Triticum durum and T. aestivum fields after harvesting, and in roadsides near these fields. The main ecological traits of sites are reported in Table 1 and Fig. 1 . Eight to ten plants were sampled at distances exceeding 50 m to avoid the sampling of closely related individuals.
RAPD procedure DNA extraction For each plant, DNA was isolated from young leaves (0.3g) using 2 mL CTAB extraction buffer and 50 mg PVP 40000. The extraction buffer consisted of 100 mM TrisHCl, pH 8.0, 20 mM EDTA, 1.4 M NaCl, 2% CTAB, and 1% β-mercaptoethanol. Samples were then incubated at 65
• C for one hour with a slow shaking every 10 minutes. Subsequently the mixture was treated twice with 500 µL chloroform-isoamyl alcohol (24:1) and centrifuged for 10 min at 8000 rpm. 400 µL of the supernatant were removed and mixed with 200 µL of NaCl (5M) and 800 µL of cold ethanol 95%, and refrigerated at 20
• C overnight (Lodhi et al. 1994) . After centrifugation at 12000 rpm for 6 minutes the supernatant was decanted and the DNA pellet was washed with 1 ml of 76% ethanol, dried, and resuspended in 100 µL TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0). The mixture was treated with 2 µL Rnase-Dnase free (10 µg/mL) and incubated at 37
• C for 15 minutes. The quality of the DNA was estimated on an agarose gel (0.8%) stained with ethidium bromide.
Primers and PCR conditions PCR reactions were performed using twenty random decamer primers from the Operon Technologies (Kit J). Eight primers (OPJ05, OPJ07, OPJ11, OPJ14, OPJ16, OPJ17, OPJ18 and OPJ19 Promega mark) were selected on the basis of their high reproducibility and clear band resolution. The PCR reaction was performed in 25 µL reaction volume containing 50 ng DNA template, 2.5 µL of 10X reaction buffer, 40 pmoles of primer, 200 µM of each dNTP, 2.5 mM MgCl2 and 1.5U Taq polymerase. Mixture was overlaid with 1 drop of mineral oil and amplified in a Programmable Stuart Thermal Cycler (Maxi-Gene) under the following conditions: 94
• C for 2 minutes, followed by 45 cycles at 94
• C for 30 seconds, 36
• C for 1 minute and 72
• C for 2 minutes, and then a final extension at 72
• C for 10 minutes. PCR products were resolved by electrophoresis in 1.5% agarose gel at 160 V for 1 hour in 1X TAE buffer (pH 8), stained with ethidium bromide, visualized under UV light and photographed with DOC PRINT Photo Documentation System. Molecular weights were estimated using a 200 pb DNA Promega ladder.
Data analysis RAPD bands were scored for their presence (1) or absence (0) and then transformed into a binary matrix. Each marker band is assumed as a single locus.
The genetic diversity within a population or within an ecological group (each group includes populations from the same bioclimate) was estimated using the percentage of polymorphic bands [Pr% = (number of polymorphic bands/number of total bands) × 100)] and Shannon's diversity index H [H = (−Σpi log 2 pi); pi is the frequency of a given RAPD band] (Lewontin 1972) . The Shannon index also was used to estimate average diversity within all populations HPOP [HPOP = (1/nΣH ) where n is the number of populations], and the total diversity among all individuals within the species HSP [HSP = −Σps log 2 ps where ps is the frequency of RAPD fragments in the entire sample]. The proportion of diversity within populations is HPOP/HSP and the proportion of diversity among populations is GST [GST = (HSP−HPOP)/HSP]. The components of variability at the ecological group level were estimated by HEG (the diversity within a group), HEG/HSPG (The proportion of diversity within ecological groups), and GSTG (The proportion of diversity among ecological groups).
The different indices were calculated by the POP-GENE computer package (Yeh et al. 1999) . The comparison, among Shannon's diversity indices for populations, and ecological groups, was performed using a variance analysis (ANOVA procedure, SAS 1990) followed by Duncan's test (Dagnelie 1975 ). Pearson's test was performed to estimate the correlation of altitude with H or Pr% matrices.
The genetic similarity between individuals was estimated using Nei & Li's (1979) similarity coefficient Sxy [Sxy = 2mxy/(mx + my)], where mxy is the number of bands shared by samples x and y, and mx and my are the number of bands in samples x and y, respectively. The genetic distance Dxy between individuals was estimated using the complementary value of the similarity coefficient Sxy; Dxy = 1 − Sxy. A dendrogram (UPGMA) based on Nei & Li's similarity matrix between individuals was constructed to ordinate relationships among individuals using the software package NTSYS-pc (version 2.0) (Rohlf 1998) .
The genetic variation within and among populations or within and among ecological groups also was estimated by AMOVA performed on the genetic distances (ΦST) between individuals using WINAMOVA program, version 1.55 (Excoffier et al. 1992 ). Φ-statistics (ΦST: differentiation among populations, ΦCT: differentiation among groups and ΦSC: differentiation among populations within groups) were calculated. The significance of variance components and that of Φ-statistics were estimated using permutations procedures. The correlation between the matrices of genetic and geographic distances among pairs of populations was estimated by a mantel test (Mantel 1967 ) using ZT program (Bonnet & van de Peer 2002) . The gene flow (Nm) between populations was estimated as Nm = [(1/ΦST) − 1]/4) (Wright 1951) . A cluster analysis based on ΦST genetic distances was constructed to ordinate population's relationships using NTSYS-pc (version 2.0) program (Rohlf 1998) .
Results
Level of genetic diversity
The eight selected primers generate a total of 166 bands (from 150 to 1800 bp), 153 of them were polymorphic (Prp% = 92.42) ( Table 2 ). The number of generated bands varied from 18 (OPJ17 and OPJ18) to 23 (OPJ05 and OPJ11). The percentage of polymorphic loci per primer ranged from 82.61 (OPJ11) to 95.45 (OPJ16). Specific bands were revealed in several populations. The band 1300bp (OPJ05) was found in the population 2 from the sub-humid bioclimate. Bands 500bp (OPJ17), 330bp (OPJ18) were restricted to the population 6 (Bir M'chergua). The populations 6 and 7 (lower semi-arid zone) were characterized by bands 1200bp and 900bp (OPJ17). Bands 350bp (OPJ113) and 900bp (OPJ14) were only detected in the population 4 from the upper semi-arid zone. The percentage of polymorphic loci (Pr%) at the population level was relatively high, ranging from 29.52% (population 7 from the lower semi-arid climate) to 39.16% (population 1 from the sub-humid area) (Table 3). The highest genetic diversity estimated by Shannon's index (H = 0.2) was observed for the population 1 from the sub-humid zone and located at an altitude of 500 m, while the lowest (H = 0.15) was noted for the lower semi-arid population 7 situated at an altitude of 50 m (Table 3) . However, there are no significant differences between H values among populations (ANOVA test, P < 0.05). Pearson's test performed on altitude and H (r = 0.441, P > 0.05) or H and P r % (r = 0.48, P > 0.05) matrices did not reveal significant correlation between data sets. The average of diversity within all populations (H POP ) was 0.170. The amount of diversity among all individuals within the species (H SP ), and the proportion of variation within populations (H POP /H SP ) were 0.388 and 0.438, respectively. The genetic diversity at the ecological group level (H EG ) varied significantly. The highest H EG value was shown for the upper semi-arid group (H EG = 0.320), while the lowest was found in the subhumid group (H EG = 0.200). The average within all groups (H EG ) was 0.261. The genetic diversity across all groups (H SPG ) was 0.350, and the amount of varia- -Mean square; ** Significant at P < 0.001 (after 1000 permutations). tion within groups was high (H EG /H SPG = 0.747).
Population genetic structure
The genetic differentiation among populations was high (G ST = 0.561), while that between ecological groups was less important (G STG = 0.253). Φ ST values among population pairs are all highly significant (Table 4) even among those separated by a distance < 8 km (populations 2 and 3). The lowest Φ ST value (0.421) was observed among populations 3 and 4 from the upper semi-arid bioclimate and distant by 79 km, whereas the highest (0.559) was detected among the upper semi-arid populations 2 and 5 (55.5 km). The values of Nm ranged from 0.197 (populations 2 and 5) to 0.344 (populations 3 and 4). The Mantel test performed on geographic and Φ ST distance matrices among population-pairs did not reveal significant correlation between the two matrices (r = 0.16, P > 0.05 after 1000 permutations).
AMOVA analysis showed that 50.63% of the total variation was found within populations (Table 5) . The differentiation among all pairs of populations (Φ ST = 0.494, P < 0.001) or among populations within groups (Φ SC = 0.492) was significant. However, the total genetic variation among ecological groups (Φ CT = 0.004) was not significant.
The dendrogram based on Nei's & Li's similarity coefficients showed that individuals from the same population clustered together, and two major populations groups could be distinguished (Fig. 2) . The first subcluster (G1), grouped populations 1 from the subhumid zone and 6 (lower semi-arid bioclimate) distant each from the other by 135 km. The second aggregate (G2) includes populations from different geographical areas and bioclimates. In this subcluster populations 2, 3, 4, and 5 from the upper semi-arid zone are separated by the population 7 from the lower semi-arid zone.
Cluster analysis based on Φ ST genetic distance showed that the populations grouped into four distinct clusters (Fig. 3) . The first three groups were each constituted by a single population (populations 2, 5, and 7). The fourth group is formed by the populations 1 (sub-humid bioclimate), 6 (lower semi-arid area), 3 and 4 (both from the upper semi-arid zone).
Discussion
The eight used primers produced 166 RAPD markers, of which 153 were polymorphic. The high number of markers revealed in our work may permit to estimate correctly the genetic variation within and among populations of Hypericum humifusum, despite some classical disadvantages of RAPDs (e.g., dominance and biallelic nature of RAPDs) (Aagaard et al. 1998) .
Hypericum species were expected to be characterized by a high level of genetic variation resulting from the reproduction mode, gene flow and founder effects (Torimaru et al. 2003; Barcaccia et al. 2006; Gaudeul 2006) . Tunisian Hypericum humifusum populations maintained a relatively high genetic variation that could be attributed to the mixed mating system and the number of initial founders that differed genetically in a population. Outcrossing species, especially those with seed dispersed by wind, exhibited higher genetic variation within than among populations (Hamrick & Godt 1996) . However, the vegetative reproduction and the low size of most H. humifusum populations may lead to the reduction of variation within populations (Ward 2006) . The levels of variation did not differ significantly among populations, and were not related to the altitude. Thus, the adaptive potential, to buffer consequences of this factor, is likely to be similar in all populations. The level of genetic variation between populations grouped according to the bioclimate is significant. The upper semi-arid group showed the highest genetic diversity. Ecological factors such as rainfall, temperature, soil, and land-use practices affected strongly the genetic variation within and among plant populations (Poschlod et al. 2000; Reish et al. 2003) and can cause environmental adaptation and differentiation of populations (van Tiendern et al. 2002) . In our study we cannot confirm precisely the influence of these factors (mainly climatic factors) because we used only Emberger's pluviometric coefficient based on temperature and rainfall.
Results from AMOVA and G ST gave a similar pattern of high differentiation among populations coupled with limited gene flow among them. Our results were similar to those reported for other Hypericum species (Quintana-Ascencio et al. 1998) . The low gene flow and the high differentiation among metapopulations has been explained mainly by founder events such as time since colonization (Jacquemyn et al. 2004 ), number of initial founders in populations and their reproductive and dispersal potentials (Coleman & Abbott 2003) . The Φ ST value reported in our study is greater than those reported for outcrossing species dispersed by wind (Nybom & Bartish 2000) . Φ ST values among population pairs were high and highly significant suggesting that gene flow is impeded between them even at a shorter distance (from 8 to 25 km). Pairwise genetic distances using Φ ST between populations were not significantly correlated with the corresponding geographical distances at all spatial scales. Thus, isolation by distance only could not explain the observed population genetic structure. The lack of correlation between the two sets of matrices indicates that the differentiation among populations is more likely caused by founding events. The differentiation among ecological groups estimated by AMOVA was low (Φ CT = 0.004) indicating that most variation is within groups. This value is comparable to that reported for further short perennial species colonizing ecologically different habitats (Ward 2006) . UPGMA cluster analysis based on Nei & Li's genetic distances showed that individuals from each population clustered together in a single group indicating highly restricted gene flow among pairs of populations. The dendrogram based on Φ ST distance did not reveal clearly geographical/bioclimatic patterns of genetic differentiation. We detected a clear separation of populations 6 and 7 belonging to the lower semi-arid bioclimate. Besides, the populations from the upper semiarid (populations 2, 3, 4 and 5) were also significantly differentiated, and clustered in three separated groups. This finding indicates that differentiation among populations at a large scale could not be explained by ecological differences or geographical location but should be attributed to a specific differentiation.
Knowledge of the distribution of genetic variation of populations plays an important role in the formulation of appropriate conservation strategies (FranciscoOrtega et al. 2000) . Populations of Hypericum humifusum are severely affected by regular human disturbance causing a significant destruction of sites. The insitu conservation is difficult to conceive because of intensive agricultural practices. Conservation of seeds in a gene bank should be the best way to ensure retention of allelic and genotypic diversity. Therefore, to preserve the maximum of diversity in the species, many populations must be protected even at a small geographic range. Collections should be done among rather within populations because of their high level of differentiation. Populations from the upper semi-arid zone, exhibiting a high level of genetic variation should be first prospected.
